The analysis of the gyrA and gyrB genes of a panel of Mycobacterium avium subsp. paratuberculosis isolates from types I, II, and III detected type-specific single nucleotide polymorphisms. Based on these results, we developed a PCR and restriction enzyme analysis to discriminate type I and III isolates. The application of this technique would be the unique strategy to characterize these strains when there is not enough bacterial growth to perform pulsed-field gel electrophoresis and IS900 restriction fragment length polymorphism.
The analysis of the gyrA and gyrB genes of a panel of Mycobacterium avium subsp. paratuberculosis isolates from types I, II, and III detected type-specific single nucleotide polymorphisms. Based on these results, we developed a PCR and restriction enzyme analysis to discriminate type I and III isolates. The application of this technique would be the unique strategy to characterize these strains when there is not enough bacterial growth to perform pulsed-field gel electrophoresis and IS900 restriction fragment length polymorphism.
Mycobacterium avium subsp. paratuberculosis is responsible for paratuberculosis (Johne's disease), a chronic inflammation of the gastrointestinal tract that affects mainly livestock and wild ruminants. In addition, this microorganism is under study due to its possible implication as the etiological agent in Crohn's disease, affecting human beings (6, 21 (23) and pulsed-field gel electrophoresis (PFGE), respectively (10, 28) . Rapid tools have been designed to distinguish type II from type I (7, 11) ; however, there is not a quick technique to further distinguish between types I and III. Therefore, when there is not enough bacterial growth to perform RFLP or PFGE, these isolates cannot be accurately classified, and they are named as type I/III (8) .
Single nucleotide polymorphisms (SNPs) are changes in a single base at a specific position in the genome (16, 30) . A correlation of SNP with phenotypic diversity has been established for some mycobacterial species, encouraging its use in order to distinguish among them at the level of bacterial strains (1, 4, 12, 18) .
The genes gyrA and gyrB within the genus Mycobacterium have been analyzed in order to perform phylogenetic studies (2, 3, 14) . The gyrB gene has been proposed to be a suitable phylogenetic marker, due to its average substitution rate at synonymous sites of 0.7% to 0.8% per 1 million years, much lower than that seen for some other phylogenetic markers, such as the 16S rRNA gene (14) . In previous studies, analysis of polymorphisms in this gene has been used to differentiate between closely related strains (22) .
Therefore, the aim of our study was the analysis of SNPs in the gyrA and gyrB genes to find a relationship with the subdivision of M. avium subsp. paratuberculosis strains. The combination of SNPs found in each of the genes was able to divide types I, II, and III. Furthermore, we developed a PCR and restriction enzyme analysis (PCR-REA) to identify type I and III strains. (Table 1) . These isolates were obtained from a pool of ileocecal valve and mesenteric lymph node samples as described in previous studies (13) and were subcultured onto selective growth media with mycobactin J (Dismalab, Madrid, Spain) (9) .
Colonies were recovered from the tubes and submitted to a PCR analysis for the presence of an IS900 fragment (15, 19) . Moreover, IS1311 PCR-REA (17) for every isolate and PFGE were performed to confirm the strain type.
Analysis of sequences of the gyrA and gyrB genes. Primers (Table 2) were designed using Primer 3software (http://biotools .umassmed.edu/bioapps/primer3_www.cgi) for both the gyrA gene (GenBank accession no. 2720426 [genome number NC_002944]; http://www.ncbi.nlm.nih.gov/GenBank) and the gyrB gene (GenBank accession no. 2717659). PCR was carried out using a HotStart Taq DNA polymerase kit (QIAGEN GmbH, Hilden, Germany). Each tube contained 5 l of DNA sample, 1ϫ buffer, 200 M deoxynucleoside triphosphate (Biotools, B&M Labs, S.A., Madrid, Spain), 1ϫ Q solution, 1 l of each primer (8 M), and 0.625 U of HotStart polymerase. PCR was undertaken with a MyCycler thermal cycler (Bio-Rad) under the following conditions: denaturation at 94°C for 15 min and 35 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min, with a final cycle of extension at 72°C for 5 min.
Purification of the PCR product was undertaken with a QIAquick PCR purification kit (QIAGEN GmbH), and the product was sequenced using an ABI Prism 3730 DNA sequencer (Applied Biosystems) (CIB Sequencing Facilities, Madrid, Spain). Chromatograms of forward and reverse sequences were then evaluated with Biological Sequence Alignment Editor software and compared with Mega 3.1 results to establish complete alignments for all the isolates. In addition, every sequence was submitted to nucleotide-nucleotide BLAST against M. avium subsp. paratuberculosis K-10 to identify the locations of SNPs. The analysis of the sequences revealed a total of nine SNPs, four of them representing a change in coded amino acids (Table 3 ). In the gyrA gene, the SNPs were located at positions 868, 1653, 1822, and 1986; two of them (at positions 868 and 1653) were implicated in nonsynonymous modifications, changing from hydrophilic amino acids into amino acids belonging to the basic group. The sequencing of the gyrB gene in the studied isolates showed five SNPs at positions 108, 264, 494, 1353, and 1626; a total of two represented a change in coded amino acids (at positions 264 and 494) ( Table 3) .
Differentiation of M. avium subsp. paratuberculosis types. The combination of SNPs found in this study within the gyrA and gyrB genes separately allow classification into types I, II, and III. In type I, the SNP found at nucleotide 868 of the gyrA gene resulted in an amino acid change (glutamate), while in types II, III, and I/III, a G was found upon sequencing. Type III and I/III isolates presented two specific SNPs. The first was located at position 1986 of the gyrA gene, with a T sequenced instead of the C found in types I and II; the second SNP was found at base 1626 of the gyrB gene, with a change in a T instead of the C found in types I and II. Type II isolates were distinguished by six specific SNPs, which were located at nucleotides 1653 and 1822 of the gyrA gene and at nucleotides 108, 264, 494, and 1353 of the gyrB gene.
M. avium subsp. paratuberculosis type differentiation by PCR-REA. A PCR-REA was designed to detect the polymorphism in the gyrB gene at position 1626, the SNP that allowed types I and II to be distinguished from type III. The 897-bp PCR products were submitted to restriction analysis with the enzyme Hpy188-III (New England Biolabs). Digestion was performed with 10 l of PCR products, 5 U of enzyme, 1ϫ NE buffer 4, and 0.5 l of 100 g/ml bovine serum albumin. Afterwards, digestion products were analyzed by electrophoresis in a 2.5% agarose gel with a molecular size marker (100-bp ladder) (Biotools, B&M Labs S.A.) and stained with iQ SYBR green supermix (Bio-Rad).
The restriction led to a four-band pattern (551, 153, 112, and 80 bp) for type I and type II isolates in which the codon ATC was present and to three bands (551, 192, and 153 bp) for isolates of type III (Fig. 1) . The pattern obtained with type I/III isolates matched the pattern characteristic of type III isolates.
The development of molecular techniques to identify M. avium subsp. paratuberculosis strains that are characterized by extremely low growth rates and are refractory to culture (types I and III) would be useful for diagnostic laboratories. We have based our study on the presence of SNPs, a relatively new molecular strategy with the advantages of being inexpensive and having a high-throughput production (29) . For instance, SNP analysis has been used recently with M. avium subsp. paratuberculosis isolates to differentiate cattle (type II) and sheep (type I/III) isolates (18, 25) .
The most useful finding from the sequencing of the gyrB gene was the SNP found at nucleotide 1626, which was able to distinguish type III from the other types and was susceptible to PCR-REA. This finding is a valuable tool to accurately identify these isolates without the need to perform time-consuming protocols. Until this time, the differentiation between types I and III was possible only by using PFGE and IS900 RFLP, which require substantial amounts of DNA (10, 28) ; this is often a limitation due to the fastidious growth requirements and long incubation periods characteristic of these strains. The combination of SNPs of the isolates previously named as type I/III matched the pattern found in type III isolates. This result is epidemiologically consistent with our previous finding that no type I isolates have been found in the Spanish geographic area from which these isolates were collected (8, 10) . However, type I has been reported to be present in other areas (26). c PFGE could not be performed for these strains.
There was also a combination of polymorphisms that characterized type II isolates; three of them had already been described (18) . However, these are of less practical usefulness, because the identification of type II (cattle) can be performed by the PCR described by Collins et al. (7), by the IS1311 PCR-REA (17), or by type I-specific locus PCRs performed following the protocol of Dohmann et al. (11) .
These results would suggest that the SNPs are type specific. The gyrA and gyrB sequences of the type II isolates were identical of those from M. avium subsp. paratuberculosis strain K-10. Also, both gyrA and gyrB sequences were identical among all isolates within a type group, despite their different geographic areas or host origins. Two of the five substitutions found in the gyrB gene were nonsynonymous, while the substitutions present in the members of the M. tuberculosis complex were synonymous (14, 22) . The origin of the changes found at the M. avium subsp. paratuberculosis types may be caused by the divergent evolution or may have been developed by selective pressure from antibiotic treatment.
PCR-REA assays would be of great advantage in testing M.
avium subsp. paratuberculosis DNA directly extracted from tissues, blood, milk, or other samples of human or veterinary origin that are culture negative and isolates that are not easily subcultured (5, 24, 27) . These assays will help to improve the knowledge and characterization of the role of these pathogens during the infection, due to the possible relationship between M. avium subsp. paratuberculosis type and pathogenesis (9, 20) . Nowadays, despite the worldwide prevalence of the infection, there is limited information on M. avium subsp. paratuberculosis isolates due to the absence of quick molecular tools. This may be the reason why, at the present time, type III isolates have been reported only in Spain (10) . We think this technique complements the already existing fast molecular techniques, but more studies pertaining to different geographic areas would be convenient to assess the usefulness of this technique as a routine test for identification purposes. In addition, the gyrA and gyrB genes, in combination with other selected target genes, could be used as phylogenetic markers to gain an insight into the taxonomy and evolution of the subspecies, as has been achieved for the M. tuberculosis complex. These results are preliminary due to the limited sample size and the restricted geographic origin of the isolates. A widespread and definitive epidemiological study should be undertaken to validate these results and to test the usefulness of this technique.
In summary, the polymorphisms found in the gyrA and gyrB genes are specific for types I, II, and III of M. avium subsp. paratuberculosis. The SNP present in the gyrB gene was susceptible to PCR-REA, and to our knowledge, this is the first description of a fast molecular tool able to divide M. avium subsp. paratuberculosis strains into these three major groups.
Nucleotide sequence accession numbers. The GenBank accession number for the gyrA partial sequence from type I is EU029115, and that for the partial sequence from type III is EU029113. The accession number for the gyrB partial sequence from type I is EU029112, and that for the partial sequence from type III is EU129114. 
